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Abstract: Concrete fatigue behaviour has not been extensively studied, in part because of the difficulty
and cost. Some concrete elements subjected to this type of load include the railway superstructure of
sleepers or slab track, bridges for both road and rail traffic and the foundations of wind turbine towers
or offshore structures. In order to address fatigue problems, a methodology was proposed that reduces
the lengthy testing time and high cost by increasing the test frequency up to the resonance frequency
of the set formed by the specimen and the test machine. After comparing this test method with
conventional frequency tests, it was found that tests performed at a high frequency (90 ± 5 Hz) were
more conservative than those performed at a moderate frequency (10 Hz); this effect was magnified
in those concretes with recycled aggregates coming from crushed concrete (RC-S). In addition, it was
found that the resonance frequency of the specimen–test machine set was a parameter capable of
identifying whether the specimen was close to failure.
Keywords: high-frequency fatigue test; recycled aggregate; recycled aggregate concrete; fatigue;
Locati test
1. Introduction
Recycled aggregates have an environmental benefit [1,2] and recycling is a necessity as the rate
of waste generation is such that landfills are close to saturation [3]. Additionally, the possibility of
obtaining recycled concrete (RAC) with good mechanical [4] and durability [5] properties has been
proven. The ability of these recycled aggregates for use in self-compacting concrete [6], even with
fine recycled aggregates [7], has also been proven. Even Kareem et al. [8] have used RAC for the
manufacture of hot-mix asphalt.
Concrete fatigue behaviour has not been extensively studied, partly because of the difficulty,
cost and time required. Concrete elements subjected to this type of load include railway superstructures,
sleepers or slab tracks [9], rail and road bridges [10], offshore structures subject to variable wind and
tidal loads [10,11] and/or wind generators [12]. Khosravani et al. [13] have defined a procedure for
analyzing ultra-high performance concrete’s response to impacts. As Skarżyński et al. state, knowledge
about the effect of cyclic loads on concrete is currently very limited [12]. Several authors have analysed
the responses of concrete. Xiao et al. [11] analysed the behavior of RAC to both compression and
bending fatigue. Li et al. [14] analysed the influence of compressive fatigue on a fiber-reinforced
cementitious material. Thomas et al. analysed the concrete fatigue behavior using two different
methods: the staircase method [15] and the Locati method [16]. Innovative techniques, such as
micro computed tomography (micro-CT) have also been used to analyze the behavior of concrete at
fatigue, both in compressive fatigue [12] and bending fatigue [17]. Moreover, some micro-CT studies,
which is a technique able to analyse the pores and cracks on concrete [18,19], had been developed to
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understand the concrete damage fatigue micromechanism [20,21]. In general, fatigue is known to lead
to microcracks in concrete growing at lower loads than in static tests, which can lead to concrete failure
earlier than expected [22].
It is well known that the fatigue limit of concrete depends on different factors. At higher stresses,
the fatigue strength decreases with decreasing frequency [12,23,24]. The fatigue strength is also affected
by the water/cement ratio, cement content, concrete type, rest periods, curing conditions and age
during loading [25]. It is assumed that damage linearly increases with the number of cycles applied
at a certain stress level [24]. The strain at the concrete failure during fatigue tests approximately
corresponds to that at the peak load during quasi-static tests [26]. The failure meso-mechanism in
concrete under fatigue compressive tests is almost the same as in monotonic compressive tests [27].
In order to reduce the characterization time as much as possible, the influence of increasing the
test frequency up to the resonance frequency of the set of specimens and test machine [28] has been
analyzed. In response to this proposal, several authors [23,29,30] indicate that the range of frequencies
to be tested should be between 1 and 15 Hz, since they state that within this range, the effect of
frequency is limited. It is justifiable to set the minimum at 1 Hz in order to avoid an excessive increase
in the effect of creep in very long duration tests. However, there is no justification for setting the
maximum at 15 Hz.
Fatigue tests are proposed for classification according to the frequency of the test, distinguishing
between low frequency tests, moderate frequency tests and high frequency tests. Low frequency tests
are carried out at less than 1 Hz, moderate frequency tests between 1 and 15 Hz and high frequency
tests at more than 15 Hz.
Three types of recycled self-compacting concrete were characterized in this investigation of
compression fatigue tests. This characterization was developed both at a moderate frequency (10 Hz)
and a high frequency (90 Hz). First, the results of the Locati tests were compared with 2 × 105 cycles per
step at moderate and high frequencies, where it was possible to show that the tests carried out at a high
frequency were notably more conservative than those at a moderate frequency. Second, the influence
of the number of cycles per step in the high frequency Locati tests was analysed, where similar results
were obtained using both test methodologies.
2. Materials and Methods
2.1. Aggregates
Recycled aggregates used for the manufacture of concretes were obtained from the crushing of
ballast (RA-B) and out-of-use sleepers (RA-S). After crushing these materials, three granulometric
fractions were obtained from each of these wastes (see Table 1). The grading of the six fractions of the
two crushed products can be seen in Figure 1. Additionally, Table 1 shows the results of the relative
density of the coarse aggregate and the real densities of the sands. The flakiness index of the two
coarse aggregates was also determined, obtaining a value of 14% for RA-B-CA and 5% for RA-S-CA.
Table 1. Aggregate properties.
Code Description Min.–Max. Size (mm) Density (g/cm3)
RA-B-CA Ballast coarse aggregates 5–12 2.5
RA-S-CA Sleeper coarse aggregate 5–12 2.3
RA-B-LS Ballast coarse sand 2–5 2.7
RA-S-LS Sleeper coarse sand 2–5 2.4
RA-B-FS Ballast fine sand 0–2 2.8
RA-S-FS Sleeper fine sand 0–2 2.5
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2.2. Cement
A CEM IV (V) 32.5 N type cement according to EN 197-1 [31] was used, provided by Alpha
cements [32], with a density of 2.85 g/cm3 determined according to UNE 80103 [33] and a Blaine specific
surface of 3885 cm2/g obtained according to EN 196-6 [34]. The chemical composition of the cement is
given in Table 2.
Table 2. Cement chemical composition.
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CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 Ignition Loss
CEM IV 35.5 41.2 13.3 4.4 1.2 1.4 1.3 1.7
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Cement 500 500 500
Superplasticizer additive 10 10 10
RA-FBS 790 - 677
RA-BS 320 - 274
RA-BCA 522 - 447
RA-FSS - 690 98
RA-SS - 283 40
RA-SCA - 587 83
Water/cement ratio 0.45 0.40 0.44
% sand (0–2 mm) from the total sand 70 70 70
% coarse aggregate from the total aggregates 35 40 36
% superplasticizer additive/cement 2.00 2.00 2.00
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Itshouldbenotedthat themixproportionsweredeterminedusingthecriteriathat thethreeself-compacting
concretes had a similar workability; therefore, as the RA-B-CA had a notably sharper geometry than the
RA-S-CA, it was necessary to increase the amount of water to achieve the same workability [35].
2.4. Mechanical Properties
The compressive strength tests were performed according to the EN 12390-3 and
EN 13290-3/AC [36,37] standards, using cubes of 100 mm side at ages of 1, 2, 3, 5, 7, 28, 90 and
180 days, testing 5 specimens for each age and material. The stabilized secant moduli of elasticity
was determined according to EN 12390-13 [38] using cylindrical specimens of 200 mm in height and
100 mm in diameter at the ages of 7, 28, 90 and 180 days, testing 2 specimens for each age and material.
2.5. Fatigue Tests
The influence of conducting trials at a very high frequency was analyzed. For this purpose,
the reference was tests carried out at moderate frequency, i.e., usual test frequencies, namely 10 Hz.
For very high frequency tests, the highest possible test frequency was used, namely, tests were
performed on a resonant fatigue machine. This machine carried out the tests at the resonance frequency
of the set test machine and the specimen. In the specific case of the resonance machine used and the
specimens used, these resonance frequencies were in the range of 90 ± 5 Hz.
An explicative scheme of the fatigue tests that were carried out can be found in Figure 2a.
Fatigue tests at both a moderate frequency (10 Hz) and a very high frequency (90 Hz) were performed
using cylindrical specimens of 200 mm in height and 100 mm in diameter in all tests when these
specimens were older than 90 days; this was done to ensure that the properties of the concrete had
reached a stationary state. All the tests carried out recorded both the load applied to the specimen and
the evolution of the strain suffered by the specimen. The strain was recorded by means of two strain
gauges fixed to the specimens in two diametrically opposed generatrixes by considering the mean of
the values provided by both gauges as the strain value of the specimen. In the high-frequency tests,
the frequency at which the system was located was recorded, noting that the resonant frequency of the
system will evolve with the variations in its stiffness. For each of the fatigue test types, two specimens
were tested, ensuring that similar results were obtained in both.
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Figure 2. (a) Experimental fatigue campaign. (b) Locati methodology description. MF: moderate
frequency, HF: high frequency.
Fatigue characterization at a moderate frequency was performed using the Locati method [39,40].
The Locati methodology consists of applying increasing steps of sinusoidal loads, maintaining a constant
ratio σmax/σmin = 0.1 over a constant number of cycles, in this case 2 × 105 cycles (Figure 2b). These tests
were performed on a servo-hydraulic machine with a maximum capacity of 1000 kN (Figure 2b).
The criterion used to determine the fatigue limit using this type of test was that followed by Thomas in
his PhD thesis [41], which obtained the fatigue limit stress range to be 80% of the stress range of the
Appl. Sci. 2020, 10, 10 5 of 16
step in which the breaking occurs. The stress range was the difference between the maximum and
minimum stress, i.e., ∆σ = σmax − σmin. This method is called method-1.
In order to analyse whether an increase in frequency had an influence on the concrete fatigue
limit, tests were performed under identical loads at a moderate frequency and a very high frequency.
A 400-kN capacity machine was used to perform fatigue tests at the resonance frequency of the test set.
This resonance frequency was found in all cases to be in the range 90 ± 5 Hz (see Figure 3b). In this
case, in addition to analysing the results following the procedure followed by Thomas in his PhD
thesis [41], an additional failure criterion was introduced, namely, to define the stress range of the
step prior to a resonance frequency drop as the stress range of the endurance limit. This method was
denominated as method-2.
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In order to compare the degree of influence of repeated loads on each of the materials, the influence
coefficient (IC) was defined as the ratio of the stress range corresponding to the fatigue limit of the
concrete to its compressive strength.
3. Results and Discussions
3.1. Compressive Strength and Young’s Modulus
Figure 4 shows the evolution of the compressive strength as a function of time, while Figure 5
shows the evolution of Young’s modulus as a function of the age of the different concretes.
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The great influence of the water/cement ratio on the compressive strength of the RC-S can be
observed. On the other hand, RC-B had the lowest compressive strengths and RC-M had intermediate
compressive strengths between the other two concretes.
In the case of Young’s modulus, although the RC-S paste was of a better quality than that of RC-B,
the noticeably lower stiffness of the mortar, adhered to the natural aggregates that made up the RA-S,
meant that the elastic modulus of RC-S was lower than that of RC-B. As in the case of the compressive
strength, RC-M was found between RC-B and RC-S concretes in all cases.
3.2. Influence of the Frequency on Fatigue
Figure 6 shows an example of the maximum deformation envelope recorded during the Locati
tests at a frequency of 10 Hz.
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Figure 6 shows, first of all, that RC-B was able to resist the most steps, which meant that it was the
material with the highest IC, with RC-S being able to resist the least and RC-M was in an intermediate
situation between the other two materials. These results agree with the results of other authors who
state that the presence of adhered mortar in the RA reduces this coefficient [15,16,42]. It can also be
seen that the deformation values suffered by the specimens was lower in the case of RC-B. It should be
noted that, as each of the steps is a fixed percentage compared to the compressive strength of each
material, they are not directly comparable to each other as they are different stress values.
Table 5 shows a brief summary of the results obtained from the moderate-frequency tests carried
out using method-1.
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Analysis of these results shows that the material with the highest stress range was RC-S, the least
was RC-B and the RC-M had an intermediate value. Likewise, it is possible to determine that,
although the RC-S had the highest stress range values, it had the lowest IC. This loss of compressive
strength was due to the presence of mortar adhered to the aggregate. In any case, these values of IC
are within the usual range for concretes and agree with values found in the literature [15,16].
Figure 7 shows an example of the maximum deformation suffered by a specimen of each material
during Locati tests at the resonance frequency of the machine test set.
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Figure 7 shows that RC-S was the material that had the lowest IC. RC-M was generally between
RC-B and RC-S.
Figure 8 shows that the resonance frequency evolved throughout the test. For the first steps,
there was an increase in the frequency with the cycles throughout each step, as well as a punctual
increase when there was a change of step. At the end of each test, a drop in the resonance frequency of
the system was seen. This resonance frequency depended on the stiffness of the system; an increase in
the stiffness of the system resulted in an increase in the resonance frequency, while a reduction in the
stiffness of the system reduced it. For this reason, it was interpreted that both point and distributed
frequency increases occurred as a consequence of a stiffening of the system, while the fall that occurred
in the final part of the test was a consequence of the damage suffered by the specimen, where the cracks
had reached such a size that they produced a flexibilization of the specimen, which indicated that it
was close to breaking.
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Table 6 shows the results obtained from the Locati tests with 2 × 105 cycles per step at a very high
frequency using the two criteria previously established.
Table 6. High-frequency fatigue limit obtained using the Locati method with 2 × 105 cycles per step.
Material
Method-1 Method-2
∆σmax fL IC fL IC
(MPa) (MPa] (%) (MPa) (%)
RC-B 32.09 25.67 43.19 26.74 44.93
RC-S 31.51 25.21 32.40 28.01 35.99
RC-M 31.10 24.88 39.60 28.27 45.04
Analysing the results of Table 6, it can be determined that, as had been deduced from the evolution
of the maximum strain, RC-B was the material with the highest IC, although the compression strength
of RC-S was the highest of all. The stress ranges corresponding to the fatigue limit of the three concretes
were similar. It can also be appreciated that, although the values of both the fatigue limit and IC,
obtained using the two analysis criteria were similar, a 5% difference was found relative to the limit
provided by Thomas [41], which was usually more conservative than the one obtained using the
resonance frequency.
3.3. Influence of the Number of Cycles Per Step during a Locati Test
In order to determine the influence of increasing the number of cycles in each step of the Locati
test, identical tests were carried out to those described above, but the number of cycles per step was set
at 5 × 105 instead of 2 × 105. Figure 9 shows the evolution of the maximum deformation as a function
of the number of cycles throughout the Locati test for 5 × 105 cycles per step.
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Figure 9 shows that RC-S was the material that had the lowest IC. RC-M was between RC-B and
RC-S. In this case, as in the previous case, the two analysis criteria were used to determine the stress
range corresponding to the fatigue limit. These results are shown in Table 7.
Table 7. High-frequency fatigue limit obtained using the Locati method with 5 × 105 cycles per step.
Material
Method-1 Method-2
∆σmax fL fL/fc fL fL/fc
(MPa) (MPa) (%) (MPa) (%)
RC-B 32.09 24.6 41.39 26.74 44.93
RC-S 29.76 23.81 30.60 24.51 31.49
RC-M 29.685 23.75 37.80 25.45 40.59
In order to compare the evolution of the maximum strain throughout the test, it was decided to
divide the number of cycles performed by the number of cycles per step, in this way it was be possible
to compare the results of the three variants of the test. An example of the comparison between the
Locati test types for each material is given in Figure 10; Figure 12.
Figure 10 shows the influence of increasing the frequency on the fatigue behaviour of the RC-B by
comparing the RC-B-HF-2 × 105 with the RC-B-MF-2 × 105. It is possible to conclude that, in the first
phase, increasing the test frequency had no influence on the deformation suffered by the specimens.
After step 4, the two curves separated, increasing more rapidly in the case of RC-B-HF-2 × 105. This
behaviour can be justified by arguing that, in the first phase, a phase in which the concrete was not
damaged, the effect of the frequency seemed irrelevant, whereas when the cracks reached a critical size,
an increase in frequency produced a reduction in the number of cycles that RC-B could withstand. It
was observed that the specimens tested at very high frequencies showed a markedly higher temperature
increase than in the case of tests performed at moderate frequency. This fact is believed to be related to
the reduction in fatigue life of the material.
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Figure 10. Comparison of the maximum strain of the RC-B for a Locati test with 2 × 105 cycles per step
at a low frequency (RC-B-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency
(RC-B-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at a high frequency (RC-B-HF-5 × 105).
From this same Figure 10, it is also possible to analyse the influence of increasing the number
of cycles per step from 2 × 105 to 5 × 105. Comparing the two curves, it is observed that the effect of
each step was similar until the specimen was close to breaking. For this reason, it can be assumed that
the influence of increasing the number of cycles per step during a Locati test was small given that the
difference between steps had a greater influence than increasing the number of cycles per step by 150%.
Figure 11 shows the influence of increasing the frequency on the fatigue behaviour of the RC-S
by comparing RC-S-HF-2 × 105 with RC-S-MF-2 × 105. As in RC-B, it can be concluded that, in the
first phase, increasing the test frequency had no impact on the deformation suffered by the specimens.
From step 2, it can be seen how the two curves split, increasing more rapidly in the case of the
RC-S-HF-2 × 105. This effect was more severe in RC-S than in RC-B, which was reflected by a greater
variation in the IC of RC-S as the test frequency increased.
Figure 11 shows the influence of increasing the number of cycles per step from 2 × 105 to 5 × 105
for RC-S. A similar behaviour to that of RC-B was observed, but in this case, the effect of increasing the
number of cycles per step was greater than in RC-B, which was reflected in the accelerated separation
of the curves. As in the case of RC-B, in this case, the greatest difference in fatigue limit was found
between RC-B-HF-2 × 105 and RC-B-HF-5 × 105 and was one step; for this reason, it can be assumed
that the influence of increasing the number of cycles per step during a Locati test was small, given that
the jump between steps had a greater influence than increasing the number of cycles per step by 150%.
Appl. Sci. 2020, 10, 10 12 of 16
Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 16 
 
Figure 10. Comparison of the maximum strain of the RC-B for a Locati test with 2 × 105 cycles per step 
at a low frequency (RC-B-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency 
(RC-B-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at a high frequency (RC-B-HF-5 × 105). 
 
Figure 11. Comparison of the maximum strain of the RC-S for a Locati test with 2 × 105 cycles per step 
at a low frequency (RC-S-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency (RC-
S-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at high frequency (RC-S-HF-5 × 105). 
Figure 11. Comparison of the maximum strain of the RC-S for a Locati test with 2 × 105 cycles per step
at a low frequency (RC-S-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency
(RC-S-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at high frequency (RC-S-HF-5 × 105).
In Figure 12, both the frequency and number of cycles affected the fatigue life during the Locati
RC-M test. The behaviour of this material was an intermediate situation between RC-B and RC-S,
being in all cases, more similar to the behaviour of RC-B.Appl. Sci. 2020, 10  x FOR PEER REVIEW 12 of 16 
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Figure 12. Comparison of the maximum strain of the RC-M for a Locati test with 2 × 105 cycles per step
at a low frequency (RC-M-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency
(RC-M-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at a high frequency (RC-M-HF-5 × 105).
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To summarise, it can be stated that performing tests at a very high frequency reduced the number
of cycles that a specimen was capable of resisting compared to performing the test at a moderate
frequency. On the other hand, it was also demonstrated that 2 × 105 cycles per step was enough to
characterize a fatigued concrete.
3.4. Comparison of the Different Methodologies
In this section the endurance values for each of the three concretes tested was compared using the
five proposed analysis criteria. Figure 13 shows the values of the stress range corresponding to the
fatigue limit of the three concretes analysed using the five previously defined procedures.
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and the low-frequency fatigue limit.
It can be observed that, in all cases, the fatigue limits obtained using moderate frequency tests
gave higher values than in very high frequency tests, regardless of the characterization method.
On the other hand, the two methods used to determine the fatigue limit at a very high frequency
produced similar values in all cases, where the one that defines the fatigue limit as 80% of the tension
range of the breaking step being more conservative in all cases. This was due to the weakness
introduced by the mortar adhered to the aggregates, as well as RC-S being the material most affected
by creep.
4. Conclusions
Although concrete is a material that is not usually characterized under fatigue, there is no doubt
that there are certain elements typically made from conc ete that are subjected to variable loads,
and therefore, which n ed to be characterized under fatigue. In this work, three types of concrete were
characterised under fatigue using the Locati accelerated fatigue meth d. Fatigue test were ca ri d out
to an lyse two fundamental var ables in the duration of the tests, namely the freq ncy of t sting and
the number of cycles per step of the Locati method. The following conclusions can be observed from
the results obtained:
• In all cases, the material with the lowest fatigue limit/compression resistance ratio was RC-S,
which was due to the weakness introduced by the mortar adhered to the aggregates.
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• The Locati method was validated as a method to determine the fatigue limit, showing that 2 × 105
cycles per step was enough to determine the fatigue limit.
• It was found that the resonance frequency of the system was a parameter that could enable the
identification of sensitive variations in the stiffness of the whole, and a symptom that the specimen
was close to breaking. For this reason, the stress range of the step prior to the step in which a drop
in the resonance frequency of the system occurs was defined as the criterion for determining the
fatigue limit by means of the Locati tests.
• It is proposed that during very high frequency tests there is an increase in temperature that may
reduce the fatigue life of the concrete. This study opens the door to the analysis of this hypothesis,
which may explain why an increase in frequency reduces the fatigue life of the elements.
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